S U M M A R Y
. The high output is not the direct result of blood volume expansion, since blood volume is normal or low in borderline hypertension (Finkielman et al., 1965; Bello, Sevy & Harakal, 1965; Julius, Pascual, Reilly & London, 1971) . Nevertheless, the output might be raised through a redistribution of intravascular volume from peripheral veins to the cardiopulmonary capacitance bed, and it is well known that the sympathetic nervous system may play a role in the regulation of capacitance vessels (Forsberg, 1964; Yu, 1969) .
The purpose of the present study was to compare the distribution of cardiopulmonary blood volume and total blood volume in borderline and permanent hypertensive patients, and to determine the possible role of blood volume redistribution at an early stage of the disease; in addition, it was intended to evaluate the possible participation of the adrenergic system in the mechanism of redistribution.
METHODS
Thirty-three untreated male hypertensive patients (mean age : 35 4 years) were included in the present study. The patients were considered as borderline hypertensive (seventeen cases) when at least one of three casual blood pressures recorded in the past 12 months showed a diastolic pressure of 90 mmHg or more and one at least showed a diastolic pressure of less than 90 mmHg (Julius & Conway, 1968) . The patients were considered to have permanent hypertension (sixteen cases) when the diastolic pressure was constantly above 100 mmHg during the past year. The diagnoses were based on outpatient blood pressure recordings.
All the patients were untreated or had discontinued their therapy at least 4 weeks before the study. They were hospitalized for 6 days and placed on a diet containing 110 mmol of sodium/day. They were submitted to extensive investigations including blood and urinary electrolytes, catecholamine determinations, endogenous creatinine clearance, timed intravenous urography with wash-out test and/or renal arteriography. All the patients were diagnosed as having essential hypertension. None had cardiac or neurological involvement. Optic fundi were either normal (eighteen patients) or showed some venous 'nicking' (fifteen permanent hypertensive patients).
On the third day of hospitalization, haemodynamic studies were conducted after the patients had fasted overnight. No premedication was administered. Under local procaine anaesthesia, polyethylene catheters were introduced into the right brachial artery and median antecubital vein and were advanced under fluoroscopic control into the aortic arch and the main pulmonary artery respectively. The arterial catheter was then put into the aortic root (Ar) immediately distal to the aortic valves for intra-arterial pressure measurements and blood sampling for dye-dilution curves. With the subject in the supine position, cardiac output was measured, at least in duplicate, using a Water's cuvette and densitometer as previously described (Safar, Weiss, Levenson, London & Milliez, 1973) . Indocyanine Green (5 mg) was introduced into the venous catheter and flushed at a precisely recorded time into the circulation in less than 0-5 s. With a constant-rate pump blood was withdrawn from the arterial catheter through the densitometer; it was not reinfused. Before each study, the system was calibrated, known dye concentrations being used and the same pump speed as during cardiac output determinations. Curves were measured planimetrically as previously described (Safar et a/., 1973). Cardiac index (CI) was expressed in ml min-' m-2 after correction for body m 
Cardiopulmonary blood volume (CPBV) was expressed as the volume between the main pulmonary artery and the tip of the arterial catheter. It was calculated by the Stewart-Hamilton method (Hamilton, Moore, Kinsman & Spurling, 1932) as follows:
Tm (PA-Ar) = mean transit time (in seconds) from the main pulmonary artery (PA) to the tip of the arterial catheter (Ar). The correction for the sampling system was subtracted from the observed time in calculating the mean transit time.
Before the haemodynamic study, total blood volume (TBV) was measured in each patient in the recumbent position by the isotope-dilution method with radio-iodinated albumin as previously described (Safar et al., 1973) . After withdrawal of a control sample, 3 pCi was injected; 10 min later, a sample was taken for radioactivity to be counted. Blood volume was expressed in ml m-' and a haematocrit in %. The CPBV/TBV ratio was defined as the fraction of TBV in the heart and lungs.
Vascular reactivity to noradrenaline (Silah, Jones, Bashour 8z Kaplan, 1965) was studied in all patients. Infusion of 0-278 moll1 (5%) glucose in water was begun in an antecubital vein and the intra-arterial blood pressure was checked. Without disturbance of the patient, the infusion was changed for one containing 94 pmol(16 mg) of l-noradrenaline base/l 1 of glucose solution delivered at a predetermined rate by a Harvard pump. The infusate was prepared by the addition of 8 ml of the original 1-noradrenaline base solution [5-9 mmol/l (1 mg/l ml)] to 500 ml of 0.278 mol/l (5%) glucose in water. The rate of infusion was increased every 5 min with the following doses: 235 pmol min-l kg-', 470 pmol min-' kg-', 940 pmol min-' kg-l. Between each infusion, the Harvard pump was stopped for 5-10 min in order to obtain baseline values for blood pressure. The dose-response curve was then plotted. The pressor dose of l-noradrenaline was calculated as the dose of the base (pmol kg-I min-l) necessary to obtain an increase in diastolic blood pressure of 20 mmHg. The normal value in the laboratory was 551 +SFM 192 pmol(93.8+3243 ng) min-' kg-l. A similar method was used to determine the vascular reactivity to angiotension (Kaplan & Silah, 1964) . The pressor dose of angiotensin was the amount of angiotensin necessary to obtain an increase in diastolic blood pressure of 20 mmHg; normal value of the laboratory: 6.320.61 pmol (6.3+0.61 ng) min-l kg-'. The vascular reactivity to isoprenaline was studied according to the method of George, Conolly, Fenyvesi, Briant & Dollery (1972) . The chronotropic dose was the amount of isoprenaline necessary in a single bolus to obtain an increase in heart rate (fc) of 25 beats/min; normal value of the laboratory: 17.1 f 3.85 nmol (3.42 0.77 pg).
Statistical analysis by classical methods (difference of means, correlations, stepwise regression) were performed (Croxton & Cowden, 1944) . The protocols were approved by INSERM (Institut National de la Santk et de la Recherche Medicale). Consent for investigation was obtained from the patients after a detailed description of the procedure.
R E S U L T S

Mean value study
Individual results and mean values are listed in Tables 1 and 2. Comparison of the two groups shows that the permanent hypertensive patients were older and had higher blood pressure and total peripheral resistance ( P <0.001). Borderline hypertensive patients, on the other hand, had higher cardiac index, stroke index and heart rate, but the differences were significant only for cardiac index and stroke index (P <0.01). Pulmonary arterial pressure was normal in both groups.
In borderline hypertensive patients, mean transit time was shorter ( P = 0-05) and both cardiopulmonary blood volume (CPBV) and the CPBV/TBV ratio were higher. The difference was significant only for the CPBV/TBV ratio ( P = 0-02). The chronotropic dose of isoprenaline was significantly higher (P <0-02) in the permanent hypertensive patients.
Correlation study
Cardiac index and stroke index ( Table 3) . In borderline hypertensive patients (and not in +0.65** + 0.60* permanent hypertensive patients), cardiac index and stroke index were directly correlated (P<O.Ol) with the CPBV/TBV ratio (Fig. 1) . In permanent hypertensive patients (and not in borderline hypertensive patients), cardiac index and stroke index were directly correlated (P<O.Ol) with the total blood volume (Fig. 2) .
Total peripheral resistance. Total peripheral resistance was inversely related to the CPBV/ TBV ratio in borderline hypertensive patients (Y = -0.60; P<O.Ol) and to the total blood volume in permanent hypertensive patients (P <0.02) (Fig. 3) . No correlation was observed between blood volume and blood pressure in any group.
Vascular reactivity to noradrenaline. The pressor dose of noradrenaline was directly correlated with the CPBV (PtO.01) and the CPBV/TBV ratio (P<O-Ol) (Fig. 4) in the borderline hypertensive patients, but not in the permanent hypertensive group (r = -0.02). No correlation was observed with the response to angiotensin and isoprenaline. 
DISCUSSION
The main haemodynamic finding of our study on borderline hypertensive patients was a high cardiac output, and this agrees with other reports (Widimsky, Fejfarova & Fejfar, 1958; Lund Johansen, 1967;  Kuramoto, Murata, Yasaki, Ikeda & Nakao, 1968) . The increase was associated with a higher stroke volume rather than an increase in heart rate. Whether the rise in output in borderline hypertension is related to an increased heart rate or stroke volume is somewhat controversial. Some authors (Bello et al., 1965; Finkielman et al., 1965) are in agreement with our results whereas others differ (Sannerstedt, 1966; Lund Johansen, 1967) . However, the elevation of stroke volume suggests that an abnormality of the venous return and may be of the intravascular volume could be involved in the mechanism of the high output.
Cardiopulmonary blood volume in essential hypertension
Estimations of cardiopulmonary blood volume differ according to the sites of injection and sampling (Ebert, Sorden, Wells & Wilson, 1949; Yu, 1969) . In our study, the arterial catheter was advanced to the aortic root immediately distal to the aortic valve, and the volume measured was thus more precisely confined to the heart and lungs than in previous studies in which sampling was from a systemic artery (Milnor, Cardiopulmonary blood volume was higher in the borderline than the permanent hypertensive patients, but the difference between the two groups was significant only for the CPBV/ TBV ratio. This result suggests that a redistribution of intravascular volume from peripheral veins to the cardiopulmonary capacitance bed had occurred in borderline hypertension when compared with permanent hypertension.
CPBVlTBV ratio in borderline hypertension
The demonstrated correlation between the CPBV/TBV ratio and the cardiac index or stroke index in borderline hypertension should be interpreted cautiously since the cardiac index is used with the mean transit time in the calculation of cardiopulmonary blood volume. In both normal and cardiac subjects, however, Milnor et al. (1960) , Fermoso, Aramendia & Taquini (1961) , Oakley, Glick, Luria, Schreiner & Yu (1962) , Forsberg (1964) and de Freitas, Faraco, Nedel, de Azavedo & Zaduchliver (1964) have demonstrated that such a correlation is not spurious. If the correlations we have found resulted merely from the methodology, similar results should have been found in several populations; that this was not the case provides indirect evidence supporting the validity of the correlation. Similar correlations have previously been described in hypertension. Ulrych et al. (1969) studied a heterogeneous group consisting of six normotensive subjects and thirteen permanent and renovascular hypertensive subjects and found that cardiac output and stroke volume were directly related to both cardiopulmonary blood volume and the fraction of the total blood volume within the heart and lungs. Ellis & Julius (1973) observed a positive correlation between cardiopulmonary blood volume and stroke volume but failed to find a correlation with cardiac output. Our study included essential hypertensive subjects only and demonstrated that the correlation could be observed only in borderline hypertension and not in permanent hypertension.
The result cannot be explained by heart failure (Yu, 1969) since pulmonary arterial pressure was in normal ranges. It seems more likely, as suggested by the work of Folkow & Mellander (1964), that the intrathoracic shift was related to abnormal venous tone and sympathetic activity. Previous reports suggest such an interpretation since, first, the sympathetic nervous system has been shown to play a major part in the regulation of cardiopulmonary blood volume (Forsberg, 1964) and, secondly, increases of sympathetic tone and of vascular reactivity to noradrenaline have been described in hypertension, especially in the borderline state In our study a significant positive correlation was demonstrated between the CPBV/TBV ratio and the pressor dose of noradrenaline. No correlation was observed with the response to other pharmacological agents such as angiotensin and isoprenaline. Whatever the mechanism underlying the correlation may be, the result reflects the response to a direct adrenergic agonist, and this raises the possibility of a neurogenic factor in borderline hypertension.
None of the correlations found in the borderline hypertensive patients was observed in the permanent hypertensive patients. As previously described in this type of patient (Finkielman et Ulrych, 1973) , total blood volume was directly correlated with cardiac index and inversely correlated with total peripheral resistance.
Striking differences in blood volume regulation were thus demonstrated between borderline and permanent hypertensive subjects. Since it has been shown that borderline hypertension may be an early stage of hypertensive disease (Eich, Cuddy, Smulyan & Lyons, 1966), our study suggests that a redistribution of intravascular volume from peripheral veins to the cardiopulmonary capacitance bed may play a role in the natural history of the condition.
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